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Abstract. In multi-criteria decision-making problems, we may have to deal with numbers that are in inter- 
val forms, like those of membership, non-membership grades and indeterminacy grades representing unique 
attributes of elements. When decision-makers come across such an environment, the decisions are harder to 
make and the most significant factor is that we need to combine these interval numbers to generate a single 
real number, which can be done using aggregation operators or score functions. To overcome this hindrance, 
we introduce the notion of interval-valued intuitionistic neutrosophic hypersoft set. This eventually helps the 
decision-maker to collect the data with no misconceptions. The primary aim of this study is to establish some 
operational laws for interval-valued intuitionistic neutrosophic hypersoft set. Also, we present the fundamen- 
tal properties of two aggregation operators, interval-valued intuitionistic neutrosophic weighted average and 
interval-valued intuitionistic neutrosophic weighted geometric operators. Also, we propose an algorithm for the 
technique of order of preference by similarity to ideal solution (TOPSIS) method based on correlation coeffi- 
cients to choose a suitable employee among the alternative using Leipzig leadership model in an organization 
for an upcoming new project. Finally, we present a comparative study with existing similarity measures to 
show the effectiveness of the proposed method. 


Keywords: interval-valued neutrosophic set; intuitionistic set; hypersoft set. 


1. Introduction 


Zadeh introduced the concept of fuzzy set (FS) and FS has been widely used in various 
fields. The idea of intuitionistic FS (IFS) was presented by Atanassov 3], an extension of 
FS. Smarandache developed the notion of the neutrosophic set (NS) characterized by the 


values of truth, indeterminacy, and falsity grades for each element of the set. Later, Wang et 
al. 27], proposed the concepts of single-valued NS (SVNS) and interval-valued NS with 
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a restricted condition for the membership values to overcome the constraints faced in NS. 
Chinnadurai et al. (9| discussed a solution to find out unique ranking among the alternatives. 
Chinnadurai and Bobin proposed a concept to identify the profit and gains in decision- 
making problems by using Prospect theory. Chinnadurai and Bobin introduced the concept 
of single valued neutrosophic N soft set. Also, Chinnadurai and Bobin established the 
properties of interval-valued neutrosophic N soft set. Molodtsov introduced the idea 
of the soft set (SS) to deal with uncertainties. Smarandache presented the notion of the 
hypersoft set (HSS) to overcome the restriction faced in SS. Saeed briefed the fundamental 
concepts of HSS. Ihsan et al. used a hypersoft expert set for the recruitment process in 
MCDM problems. 

Selvachandran et al. presented a modified TOPSIS deviation method of SVNS. Wang 
and Chen proposed a TOPSIS method, in which they got the optimal weights of at- 
tributes using linear programming of interval-valued IFS. Wang and Wan investigated 
group decision making with interval-valued IFS. Nabeeh et al. contributed to the per- 
sonnel selection process among different alternatives by combining the analytical hierarchy 
method with the TOPSIS. Abdel-Basset et al. combined type 2 NS and TOPSIS for sup- 
plier selection. Abdel-Basset et al. |2| proposed the use of bipolar neutrosophic numbers in the 
TOPSIS method for selecting smart medical devices. Endalkachew Teshome Ayele et al. 
presented a method for traffic signal control using an interval-valued neutrosophic soft set. 
Christianto and Smarandache proposed the idea of a third-way leadership model, a blend 
of hard-style and soft-style leadership. Harish et al. used a combination of TOPSIS and 
Choquet integral method in hesitant FS to solve multi-criteria decision-making (MCDM) prob- 
lems. Rana Muhammad Zulgarnain et al. introduced the concept of intuitionistic fuzzy 
HSS and used the TOPSIS method based on correlation coefficient (CC). Rana Muhammad 
Zulgarnain et al. studied the fundamental operations of interval-valued neutrosophic HSS. 
Saqlain Muhammad et al. defined aggregation operators on neutrosophic HSS and studied 
some properties. 

Rahman et al. extended the concept of HSS to complex FS, complex IFS, and complex 
NS. Zulgarnain et al. developed the TOPSIS method in a fuzzy environment and used it 
in the medical staff recruitment process. Zulqarnain et al. established the concept of gen- 
eralized TOPSIS method to solve MCDM problems. Zulqarnain and Dayan presented a 
method for choosing the best criteria by using the fuzzy TOPSIS method. Zulqarnain et al. 
proposed an idea for predicting diabetes using TOPSIS analysis. Zulqarnain et al. used the 
TOPSIS method based on correlation coefficient and aggregation operators under intuitionistic 


fuzzy hypersoft set (IFHSS) environment. Zulqarnain et al. used aggregation operators 
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in the IFHSS environment to solve MCDM problems. Zulqarnain developed a new TOP- 
SIS method based on the correlation coefficient of interval-valued intuitionistic fuzzy soft sets 
in MCDM problems. Zulqarnain established aggregation operators under Pythagorean 
fuzzy soft environment to solve MCDM problems. Zulgarnain et al. developed aggrega- 
tion operators of Pythagorean fuzzy soft sets for selecting green supplier chain management. 
Zulgarnain discussed an application towards green supply chain management by using 
Pythagorean fuzzy soft set. Zulqarnain et al. developed the concept of Pythagorean fuzzy 
hypersoft set (PFHSS). Zulgarnain et al. discussed an idea of solving MCDM problems by 
using the generalized neutrosophic TOPSIS method. Zulqarnain et al. used the concept of 
PFHSS in selecting the antivirus mask during the pandemic. Zulqarnain et al. presented 
an application for solving MCDM problems using neutrosophic hypersoft matrices. 

Zulgarnain et al. discussed MCDM problems using the aggregation operators in the 
PFHSS environment. Zulqarnain discussed an integrated TOPSIS model in a neutrosophic 
environment. Zulqarnain proposed algorithms for a generalized multi-polar neutrosophic 
soft set to solve medical diagnoses. Zulqarnain et al. proposed the generalized aggregate 
operators on neutrosophic HSS (NHSS) such as extended union, extended intersection, OR- 
operation, AND operation, etc., and established their properties. Samad et al. extended 
the TOPSIS method based on correlation coefficient under NHSS environment in selecting 
an effective hand sanitizer during the pandemic. Rahman et al. developed the concept 
of neutrosophic parametrized hypersoft set theory to solve MCDM problems. Zulqarnain et 
al. discussed the concepts of the decision-making approach based on correlation coefficient 
under interval-valued neutrosophic hypersoft set (IVNHSS). Zulqarnain et al. presented 
the fundamental operations on IVHSS and established their properties. Smarandache 
proposed the notion of dependence and independence between the components of the FS and 
NS. Chinnadurai and Bobin [7], defined the concepts of simplified intuitionistic neutrosophic 
SS (SINSS) and interval-valued intuitionistic neutrosophic SS (IVINSS) and studied some of 
their properties. In SINSS and IVINSS, the membership grades of truth and falsity depend on 
each other such that their sum cannot exceed one and the membership grade of indeterminacy 
is independent with a value less than or equal to one. Hence, in SINSS and IVINSS, the sum 
of the membership grades cannot exceed two. 

All the above mentioned fuzzy hybrid sets cannot accommodate the membership grades of 
truth and falsity, which depend on each other such that their sum cannot exceed one and 
the membership grade of indeterminacy is independent with a value less than or equal to 
one. Therefore, to solve this problem, in this article, we present some aggregation operators 
for IVINHSS. We develop an algorithm to solve the decision-making problem based on the 


established operators. We have presented a numerical example to ensure the practicality of 
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the developed algorithm. The main aim of the present study is to rank the alternatives based 
on interval-valued intuitionistic neutrosophic hypersoft set (TVINHSS) data using aggregation 
operators and also making use of the TOPSIS method based on CC. To the best of our knowl- 
edge, research on IVINHSS is confined to its theory and related development and applications. 
Therefore, the new method proposed in this paper can examine and provide a suitable solution 
to the decision-makers in ranking the alternatives. We present an MCDM approach based on 
TOPSIS, and the effectiveness of this method is showed through the selection of a suitable 
employee who can lead the project successfully. To prove the efficacy of the proposed method, 
a comparative analysis between the proposed and existing similarity measures (SMs) is given. 
Thus, the IVINHSS is a robust tool to predict uncertainties when the grades are in interval 
form for all truth, falsity, and indeterminacy grades for all the attributes. 

The manuscript comprises the following sections. Section 2 briefs on existing definitions. 
Section 3 introduces the concept of IVINHSS and discusses some properties of CC and weighted 
CC of IVINHSS. Section 4 deals with the interval-valued intuitionistic neutrosophic hypersoft 
weighted average operator (IVINHSWAO) and interval-valued intuitionistic neutrosophic hy- 
persoft weighted geometric operator (IVINHSWGO). Section 5 highlights the combination of 
CC with the TOPSIS method. Section 6 shows the significance of the proposed method with 


comparative analysis. Section 7 ends with a conclusion. 


2. Preliminaries 


We present some of the basic definitions required for this study. Let us consider the following 
notations throughout this study unless otherwise specified. Let V be the universe and vu; € V, 
P(V) be the power set of VY, N represents natural numbers, C[0,1] denotes the set of all 
closed sub intervals of [0,1] and NY represent the collection of interval-valued intuitionistic 
NS (IVINS) over V. 


Definition 2.1. A fuzzy set (FS) is a set of the form F = {(v,7¢(v)) : v € V}, where 
Tz : VY — [0,1] defines the degree of membership of the element vu € V. 


Definition 2.2. An intuitionistic FS (IFS) is an object of the form C = {(v, Te(v), Fe(v)) : 
vE Vv}, where Jc : V — [0,1] and Fe : V — [0,1] define the degree of membership and degree of 
non-membership of the element v € V, respectively and for every v € V,0 < Te(v)+Fe(v) <1, 


where m¢(v) = 1 — Te(v) — Fe(v) represents the degree of hesitancy. 


Definition 2.3. A single valued neutrosophic set (SVNS) is an object of the form 
N= {(v, Tn(v),IZn(v), Fm(v)) : v € VS, where In : V > [0,1], In : V > [0,1] and Fr : 
VY -— [0,1] represent the degree of truth membership, degree of indeterminacy membership 
and degree of falsity membership of the element v € V, respectively and for every v € VY, 
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0 < Tr(v) + In(v) + Fr(v) < 3. NY denote the set of all single valued neutrosophic subsets 
of V. 


Definition 2.4. An interval valued neutrosophic set (IVNS) is a set of the form R = 
{(v, [Fr(v), Fr(v)], Zev), Zr(v)], [Fr(v), Fr(v)]) : v € V}. IVNS can be represented as 
R= {(v, Tr(v), Zr(v), Fr(v)) :uv € V}, where Tr: V—>C(0,1], IR: V > C[0,1] and Fr : 
VY — C{0,1] represent the degree of truth membership, degree of indeterminacy membership 
and degree of falsity membership in closed sub-intervals of the element v € VY, respectively 


and for every v € V, 0 < Tr(v) + Ig(v) + Fr(v) < 3. RY denote the set of all interval valued 


neutrosophic subsets of V. 


Definition 2.5. An IVINS in Y is an object of the form 2 = {(v,aq(v), ba(v), ya(v)) }, 
where ag(v) : V > C[0,1], Ga(v) : V > Cl0,1] and ya(v) : V > C/O, 1]. ag(v), Ba(v) 
and yq(v) are closed sub intervals of [0,1], representing the membership grades of truth, in- 
determinacy and falsity of the element v € VY. The lower and upper ends of ag(v), 8a(v) 
and yo(v) are denoted, respectively by ag(v), @a(v), B,(v), Ba(v), and Yq(v), Ya(v), where 
0 < Go(v) + Fa(v) < Land ag(v), 8, (v), Y9(v) 2 0, 0 < Gav) + Bo(v) + Fav) $2, VveEV. 


Definition 2.6. A pair (Q,€) is called a soft set (SS) over V, if: € > P(V). Then for 
any p € €, Q(p) = 1 is equivalent to v € Q(p) and Q(p) = 0 is equivalent to v ¢ Q(p). Thus a 


SS is not a set, but a parameterized family of subsets of V. 


Definition 2.7. Let Aj, Ag,..., Ax, be distinct attribute sets, whose corresponding sub- 
attributes are Ay = {A11,A12,-.-,A1¢}, A2 = {Aar, Ava, -.-, Ag} 5.) Mk = {Ar Ak25 ++) Ann}; 
where1 < f <p, 1<g<q,1<h<randp, g, r EN, such that A; A; = 9, for 
each 7,7 € {1,2,...,k} and 7 # j. Then the Cartesian product of the distinct attribute sets 


A, x Ag x... X Ap=AZ= {Aig X Aag X ... X Agn}, Vepresent a collection of multi- attributes. 
A pair (9, A) is called a hypersoft set (HSS) over V, where Q : A > P(V). HSS can be 
represented as (Q, A) = {(A, Q(A))|A € A, QA) € p(y} ; 


3. Interval-valued intuitionistic neutrosophic hypersoft set 


We present the notion of interval-valued intuitionistic neutrosophic hypersoft set (IVINHSS). 
Also, we discuss some basic properties of correlation coefficient (CC) and weighted CC (WCC) 
on IVINHSS. 


Definition 3.1. A pair (Q,A) is called an IVINHSS over V, where 0: A > NY. Iv- 
INHSS can be represented as (2, A) = {(A, A(A))|A € AQ) € NY € CL, i}, where (A) = 
{(v, e945) (0); Bay) Yay) lu € v}, where Oq(5) (v) :V—>C(0, 1], Baya) (v) :V> C0, 1] 
and (5) (v) : V + C0, 1). Aj) (v), Box) (v) and Yay) are closed sub intervals of 
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[0,1], representing the membership grades of truth, indeterminacy and falsity. The lower 
and upper ends of Boe (x v), Bo (x) (¥ v) and Yaa y(v v) are denoted, respectively by Qo 5) (v), 
Fai), Boray(Y)> Bay), and Fors) (Y)s Tayi) (¥), where 0 < q(x) (¥) + Faia) (¥) < 1 and 
(3%), Borgy re > 0,0 < Aqq3)(v) + Bagy(v) + Vag (r) S 2: 


Example 3.2. Let V = {v1,v2,v3} be a set of managers who evaluate an em- 
ployee based on the Leipzig leadership model for an upcoming project. Let Ay, 
As, Ag and Ay be distinct attribute sets whose corresponding sub-attributes are rep- 
resented as A; = purpose = {2j; = achieve goals}, Ag = entrepreneurial spirit = 
{\21 = quick decision, A22 = logical decision}, 

A3 = responsibility = {A31 = inspire and motivate, A32 = time management} and A, = 
effectiveness = {A4, = successful accomplishment}. Then A = A, x Ay x Ag x Ag is the 


distinct attribute set given by 
A = A, x Ay x Ag x Ag = {Ars} x {Aa1, A22} x {Agi Aga} x {Adi}. 


={(an, X21, 31; X41); (Ai; Az, A325 A41); (Arn, A22, A31; A41), (Ara, A22; A32; Au}. 


= {Xin Sasha, Sal. 


An IVINHSS (Q, A) is a collection of subsets of V, given by the managers for each employee 
based on the description in Table 1. 


TABLE 1. Shows leadership skills of an employee in IVINHSS (2, A) form. 


Vy 1 NMS X3 MM 


v1 ((0.3, 0.4], (0.7, 0.8], [0.2,0.3]) — ([0.2, 0.4], (0.5, 0.6], [0.5,0.6]) (0.6, 0.7], [0.2, 0.1], 0.1,0.2]) (0.3, 0.4], [0.4, 0.5], [0.2, 0.3]) 
v2 ([0.2, 0.4], (0.8, 0.9], [0.1,0.3]) (0.6, 0.7], (0.5, 0.6], [0.2,0.3]) (0.4, 0.5], [0.4, 0.6], (0.1,0.2]) (0.2, 0.5], [0.5, 0.6], [0.2, 0.4]) 
v3 ([0.1, 0.2], (0.5, 0.7], [0.2,0.3])  ([0.3, 0.4], (0.6, 0.7], [0.2,0.4]) (0.2, 0.3], [0.1, 0.3], [0.6,0.7]) — ([0.2, 0.3], [0.6, 0.8], [0.4, 0.6]) 


3.1. Correlation coefficient for IVINHSS 
Let the two IVINHSS over V be as given below. 
(1, Ar) = {04 lag, 54) (8): Fe, jy} Bo, > Bard) He, 5,9 > Tard Al} 
(Q2, Aa) = { (vi, [09,549 (8) Fa, 5,) I] (Be, (5, (> Borgia) A] [5 (5) MA)» Ferg yy DIF 
Definition 3.3. Let (1,A1) and (Q2, Ay) be two IVINHSS. Then the interval-valued in- 


tuitionistic neutrosophic informational energies of (Q1, A,) and (Q2, A) are represented as 


(9%, Ar) =2> [lana (ig) (M)) *+ (Bo, 5, (a)? + Oa, 5, (ed)? 


k=1 i=1 


- (Go, (34) (vi)? aa (Bo, (5,) a)? a Fa, (5, (va)? » (1) 
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(M2, Ao) =), [ A945) (V4))> + (Bo, a, (id)? og (Yogi, OD)” 
k=1 i=1 
+ (Ge, i, (i)? sa (Bog (i,) a)? + Fasting . (2) 
Definition 3.4. Let (01, A;) and (Q2, Ay) be two IVINHSS. Then the correlation measure 
between (1, A) and (Q2, Ag) is defined as 


Cra((1, Ar), (%, Av) => [eaiay (0) (29,4,)) + Boag (%)) * Bosay (ei) 
a 


Bo, c(i) * Baga) + Foray) * Faga,y(0))]- 8) 


a 


Proposition 3.5. Let (1, A) and (M2, As) be two IVINHSS. Then, 
(i) Ca ((M1, Ar), (1, Ar)) = (Or, Ar) 
(ii) Cu ((M2, Az), (M2, Az)) = &(Q2, Ag). 


Proof. Straight forward 


Definition 3.6. Let (01, A;) and (Q2, Ay) be two IVINHSS. Then, the CC between (,, A;) 
and (Qs, Ag) is given by 


We Cm ((O1, Ar), (Q2, Av) 
VV B(M1, Ar) y/ (M2, Aa) 


Proposition 3.7. Let (Q;,A1) and (Q2, Az) be two IVINHSS. Then, the following CC prop- 
erties hold: 

(i) 0 < Co((M%, Ar), (M2, Av) <1 

(ii) Co((Q1, Ar), (Q2, Az) = Co((M2, Aa), (1, Ar); 

(iii) If (Q1, Ar) = (Q2, Ag), then Co((Q1, Ar), (Q2, Az)) =1 


Co((Q1, Ai), (Qa, Ao 


(4) 


Proof. (i)Obviously, Co((1, Az), (Q2,A2)) > 0. Now, we present the proof of 
Co((M1, Ar), (Q2, Az) <1 


Cra((M1, Ay), (Q2, Ad)) 
= YY [ley iy) * ng yD) + Be 54D) * Bayi) + a iy) * Onge,y 0) 


k=13=1 
7 (Gq, (X,) (%)) = (Gq, (X,) (%)) + (Bo, (ig) (i) * (Bo, (i,) ()) =F (Fa, (i,) &)) # as (i,) M)) . 
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=>. [(earn 0) * ngs, 0D) + Bo, day) * Bor cy) + Cay yD) * Cage) 
+ (ey 65.) (0) * ng) (0) + Bay yy 01) * Brgy) (00) + Fay cy 0) * Fagan) 

+ (a gy (02))# (ing (020) + Berg cy) 02)) * Brgy 02)) + Cary) 2)) * Cages (02) 
(Gig, (5,,) 02)) * (Bag %,) (02) + Bary 5, (02)) * Berg 5) (2) + Feng iy (02) * Fone, (02))) + 

+(e, y(n) # (a5 54 (Om) + Boy cy) ™)) * Boggy 0D) + Cg cy) * Cg ayy ODI 


(Gq, (x,)&n)) J (Gig, (5,,) Un) + (Bo, (i,) n)) col (Bo, (&,) (nr) + (Fo, (i,) Hn) * Fanta) : 
By applying Cauchy-Schwarz inequality, we get 


Crr((%, Ar), (M2, Az)? 

7 = K Bq, (5g) 1)” + (a, (Ag) 02)” + + (49,04 )(e%))"} * { Basi)? + (Bo, iy)” 
ot Bor 54) (0m)? + {Garay + a,j Ca tet (ayy 0)? }+ 

{@a cv)? + Gq, (54) (02)? + + Gacy (on))?} - { Farin? + Bo, (54) (02))” 


++ Boy iy) (0m)? 6 +5 Ferg igy (01d)? + Ferg igy (020)? + + yi, (On)? FLX 
(Ar 


[fee ce,j (0) + Win, Oa)? +--+ a,x sll? 4+ Lt ey? + By 2.) 
(Ar) 2(Ak) 2(Ak) 


k=1 
+ Baxi, (o?} : { Gas? + (org (5) 2D)? H+ Cosa," i {Fanciy(? 


+ Ging (54) (02))? + + Cag iyy(on))*} : { Faas) 0)? + (Bog (X,) (22)? + 


+ Baasy(md?} + + {Graig (O10)? + agg) (02))? ++ Fags) (om)? }]. 
Cur((O1, Ar), (M2, Ae)? 


Ss > > cos ve (Bo, (4, (0)? 7 (Wo, 54)” + (Gq, (54) Mi)? oF (Bo, i, (Mi)? 
k=1i=1 
+ Moy i, (i) 3) x aye [ 4 (54) ))? + (Borg (ayy MO)? + ag (ayy PO)? + Cag iyy ))? 
k=1i=1 


+ Bayi)? + Fag »?). 
=> Cy((M1, Ar), (M2, Az)? < (1, Ar) x B(Q2, Ad). 
=> Cu ((M1, Ar), (Q2, Ag)) < < /(M%, Ai) x VV B(Q2, Ao). 
Cur ((91,A1),(Q2,Az)) cae 
VV 0(01,A1) x /0( (Q2,A2) ~ x 
By using Definition 3.5, we get Co((1, A1), (M2, Ae)) < 1 


Hence, 0 < Co((M, A1), (M2, Az) < 1 


Proof. (ii) Straight forward. 


Proof. (iii) Co((M1, Ar), (M2, Ag)) = SEGNNENCR SE 
Since, (Qa, A) = (Qe, Ag). 
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Co((M1, Ar), (M2, Ae)) 


n 


Cans) (80)? + Bag iy 00)? + Cag dy)? + Bing iy (OO)? + By a) (0)? + Fngciy (P| 
k=1i=1 


| YO [lena cay)? + Brgy (OD)? + Cag ayy OD)? + Bingcigy (OO)? + Bagtdyy (0)? + Frys) (09))?] 


k=117=1 


pEe> Cans, (08)? + (Borg) PD)? + Vero (gy MD)? + Cary ig) CO)? + Borg py W8))? + Faxed?" 


Definition 3.8. Let (1, A,) and (Q2, A) be two IVINHSS. Then, the CC between (91, Aj) 
and (Q2 Ag) is defined as 


Cu ((O1, Ar), (Q2, Ar) 


Co((M1, Ar), (M2, Ae) = { ®(21, Ai), ®(M2, Ae) 
max 1,41), ee 


1); (Q2, Ae) 


= Cn Gg) (8D) * (ng gy (8D) + Boy, 3) * Baggy 0D) + Cas gy) # Cage (09) 


+ ay (i) PD) * agi) (MD) + Bors gy) * Borg gy MD) + Fay) OW) * Faas) (%)| 


Ct Gy) (0)? + Bp, (0)? + Oe, cy)? + Bay yO)? + Foy Gy?? + Garay?) 


= 
Ye | nats)? + Brgcig (OD)? + Cag ayy OO)? + ing Giyy(O)? + Bagtiyy(O)? + Fags)? }- 


Proposition 3.9. Let (Q1,A1) and (Q2, Ag) be two IVINHSS. Then, the following CC prop- 
erties hold: 

(i) 0 < Ce((O1, Ar), (Q2, Ae)) < 1; 

(ii) Co((M1, Ar), (M2, Ae) = Ce ((M2, Av), (MG, Ar); 

(iit) If (Q1, Ar) = (Q2, Ag), then Co((M1, A1), (Q2, Ag)) = 1. 


Proof. (i) Obviously, Co((1,A1), (M2, A2)) > 0. Now, we present the proof of 
Co((Q1, Ar), (M2, Ag)) < 1. 

Cm((M1, Ar), (Q2, Ar) 
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n 


> 


=14=1 


=D) [ (ay Gigy (2) * (ng 5) 0) + Bo, 5, )) * Borg (ig) C)) + Car (5) C8) * Cg (5, 8) 


+ (Gq, (X,)%)) ie (Gp, (5,,) (%)) + (Bo, (ig) (%)) - (Bo (i,) (M)) ar (Fa, (i,) &)) * Faas )| : 


2 | (ee, ay) * aa, (00) + Bo, Cig) 2) * Borg yy PH) + ay (gy OD) * og (i,) CD) 
=1 


+(Qp, (5,,) (1) * (@o,(5,) (2) Tr (Bo, i) 1) * (Bo. (i,) 2) — (Yo, d,) 2) * Fas, (0) 


+ (ao ci) (02)) = (29, (5,) (2) te (Bo, (iq) (2)) = (Bo (ig) (2) oh (Yo, (&,) 2) - (Yon 5,) (2) 


+(G@q, (5,,)(%2)) * (Gp, (5,,) (2) ahs (Bo, (i) 2) * (Bo. (i,) 2) aly (Foy (ip) 2) * as, (02))) a 


+ (Cae yy (m)) # (ang 54 (Om)) + Boy cg) (8D) * Bag gy )) + Cay cigy )) * Cag ayy OH) 


+(G@q, (5,)(n)) * (Gp, (5,,) Yn) + (Boa, i) n)) * (Bo, i,) (nr) at (Vo, (A;,) nr) = Foi)? : 


By applying Cauchy-Schwarz inequality, we get 
Cu ((M1, Ai), (Qa, A2)) 


< ie {oan yO)? # Caan yy (ead)? ++ Can Gym)? b+ {Bo cy) 


(Bor, ig) 2)? + + Borc,m*} 7 {a6 (* + (Hors yy 2)? + 


’ { @ay5,)(00)? + (Gq, (5, (02)? Fe + Gaia? } ’ {Bacio 


(Bo, XE (v2))? as (Bos (iy) (on)? + Foy X,) 1)? + Yoay (5,9 %2))? 
(Ak) 


Cur((M, Ar ), (M2, Ar) 


Baatiyy(n))?} - {Gaaday))? zi (ora (iy) %2))” ones (Tory (5p) 


w+ Bg¢s,)(0))?} + {Faas + Fagan (2))? + + Fagantmd?}]} 


no Ca," 


))?+ 


cae Fon iy (om) }| 7 


7 | (29, (5,) (2) 7+ (0, (i,) (¥2))? +--+ (Gan (i,) (Yn)? + (8, ser (v1))? + (Bo x (v2))?+ 
| 2(Ax) 2(Ax) 


y?} 


+ 
+ {(ag6i,) (0)? + Gagtsy (a)? + «+ Hagciyy On)? + { Batsyy (00)? + Fasc, 02)4 


2 


<{S> SS [ (aie, i)? + Bor, 5g) CO)? + Cla, Gy PO? + Cay ig) OO? + Boy i)? 


k=1i=1 


+ (Foran) 6 vi) »?] - >, [ (Qo, (5, ) (vi)) Ny + (Bos 5, (0) + (Wry i,) CO)” = (Gn, (A) 0)” 


k=117=1 


+ (Borg (5,) (vi)? a Foga,y%)?| \ , 


n 


Nik 


< { (max{ Dy ay [ (04 (3x) (vi))? + (Bors i) 0)” T (ers (5g) 9)? © (a, (54) (01))*+ 


k=1i=1 


Boga)? + Fay )?| > 29 e [ (99 (Ag) OD)” + Borg i, 8)” 


k=11=1 


o. 


(Hoag (54) Mi)? + Borg i, OD)? + Fania? | iN} 


ad (org (5) 0) + 


IR 
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mn 


= = max > > [ (Qo, (5,6 v4) a4 (Bo, (5,)(*))? + (Yo, i) PO)” + (Gin, (5,)(%))? + (Boy i,) i)!” 


k=11i=1 


— 2 
+ Fay.) (%) ?] x YY [Cap (P+ Borg ig) OY + arg ayy CO” + Fag ayy "+ 
k=11=1 


Brgtiy) OD)? + aati.) |} 
=> Crz((M1, Ar), (M2, Ag)) < maf B (Q4,A 1) 4 (02, Aa}. 


si Cu ((21,A1),(Q2,A2)) a4. 


maf BO Ss) 
By using Definition 3.8, we get Co((M1, A1), (Q2, Az)) < 1 
Hence, 0 < Co((M1, A1), (M2, Ag) < 1 


Proofs of (ii) and (iii) are same as in Proposition 3.6. 


3.2. Weighted correlation coefficient for IVINHSS 


We present the concept of weighted correlation coefficient (WCC) for IVINHSS. WCC fa- 
cilitates decision-makers (DMs) to provide different weights for each alternative. Consider 
D = {D,,Do,...,Dm} and W = {W,,W2,..., Wn} as weight vectors for alternatives and ex- 


m n 
perts, respectively, such that Dy, W; > 0 and 5> Dy = 1,55 W; = 1. 
k=1 i=l 


Definition 3.10. Let (1, Aj) and (Q2, Ag) be two IVINHSS. Then, the WCC between 
(Q1, Ay) and (Qz, Ag) is defined as 
Cm ((O1, Ar), (M2, Ad) 


= 
(1, Ar) @(Mp, Ao) 


Coy ((M1, Ar), (M2, Av (6) 


Coy ((O1, Ar), (M2, Ar) 


> Px (o» Bere * er (Ag) (A) + Bor, (5) (M8) * Bog (ayy 


k=1 i=l 


ee 


+ Yo Gy) * Lora iy 


+ hong (iy) (MA) * Ferg (5) (M8) + Bor, Cig) MA) * Berg (yy (M8) + Ferg yy (M) * 7aaciy)(0)| | 


(=? (om (240, (44) (8)? + Boy (5, (0)? + Cay i)? + Gai OO)? + Fa 6,0)? + Garay o?]) 


i=l 


apa 2 [lena + + Borg, 0)? + Cagcigy OO)? + Hag, ))? + Bag iy)? + Foc)? J. 


If D= {2 Pang yy ond. v= {1,4 
in Eq.(4). 


}, then WCC given in Eq.(6) reduces to CC as 


n?: wt, 


Proposition 3.11. Let (01, A1) and (Q2, Ag) be two IVINHSS. Then, the following WCC 
properties hold: 

(i) 0 < Coy ((M1, Ar), (M2, Ae)) <1 
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(ti) Coy ((Q1, Ar), (M2, Av)) = Coy, ((Q2, Ae), (1, Ar); 
(iti) If (1, Ay) = (Q2, As), then Coy ((Q1, Ar), (Q2, Ag)) =), 


Proof. Similar to Proposition 3.6. 


Definition 3.12. Let (1, Ay) and (Q2, Ag) be two IVINHSS. Then, the WCC between 
(01, Ay) and (Q2Az) is defined as 


Cu ((O1, Ar), (2, Ar)) 


Coy ((21, Ar), (M2, Av)) = foo x HO x } 
max 1,41); 2,A2 


Coy ((M1, Ar), (M2, Ad) 


Yo De( YW | Cn Gg) 8D) * (ng) (0) + Bor, gy (OD) * Bragg) + Cn gg3 0) * Gegcdyy 2) 


k=1 i=1 


a (Gq, (x,) (a) * (Gq, (5,) %)) a (Bo, i) )) * (Bo. (i,) (Mi) fale (Yo, (in) )) * aati) ) 


n 


max { > Dr (om (cos + (Bo, 5,0)? + (Ye, (4) M8)” + (Gig, 5,,)(%))? + (Bos iy) (vid)? + Farag )?”] 
i=l 


=1 
Yel SI Wil Cg ,5 (0)? + Borges, (OO)? + Cas 5.) OD)? + Beg ig) (0)? + Bog i.) (0)? + Fagg, yeo)?] )b. 
= 2(Ax) 2(Ax) 


k=1 i= 


If D = {i, 4, a 1} and W = {i, Sea ; }, then WCC given in Eq.(7) reduces to CC as 
in Eq.(5). 


Proposition 3.13. Let (Q1,A;) and (Q2, Ay) be two IVINHSS. Then, the following WCC 
properties hold: 

(i) 0 < Coy ((M1, Ar), (M2, Ae)) <1; 

(ii) Coy, ((21, Ar), (M2, Av)) = Coy (M2, Aa), (1, Ar); 

(iti) If (Q1, Ar) = (Qe, Ag), then Co, ((M1, Ar), (M2, Ag)) = 1. 


Proof. Similiar to Proposition 3.6. 


4. Aggregation operators for IVINHSS 


We now present the concept of interval-valued intuitionistic neutrosophic hypersoft weighted 
average operator(IVINHSWAO) and interval-valued intuitionistic neutrosophic hypersoft 
weighted geometric operator (IVINHSWGO) by using operational laws. Let « represent the 
collection of interval-valued intuitionistic neutrosophic hypersoft numbers (IVINHSNs). 
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4.1. Operational laws for IVINHSS 


Definition 4.1. 

Let Qe), = (lair, G11), (8,45 Brak, f¥449711)) and Me. = (Lora, M12], [8,55 Pral, (45s Fal) be two 
IVINHSS and 6 a positive integer. Then, 

(i) Qe, ® Mer. = (lary + G12 — 41042, 011 + Miz — GA], Pat ea 8B, Br» Pur + Bi - 
Bu Prl, (1V199 7117121) 3 

(ii) Qey, @ Qey = (Lar @12, FA], [B,,B15> Pir Piel, Da =e a 7117121); 
(iii) 6, = ((- A - an)’, (1- (1-G11)*), (2 -— (1 - 8,,)?, A 0 — Bi), Ey)? a): 
(iv) (Qe1)? = ([(air)®, (@11)*), [(6,4)°, (B11), (1 — 2 - 4,)°, 2 - 1 - 7)*I). 


4.2. Interval-valued intuitionistic neutrosophic hypersoft weighted average operator 


Definition 4.2. Let D, and W; be weight vectors for alternatives and experts, respectively, 
m n == 
such that D,,W; > 0 and >) D, = 1,7 Wi = Land Q,, = ([Oiks Win], Begs Paels [;q2 Vit) 


k=1 i=1 
be an IVINHSN, where i = {1,2,...n}, k = {1,2,...m}. Then, A: «” > «, IVINHSWAO is 


represented as 
Aes; ere, sey APs) = BD Dr ( B WM : 
k=1 i=1 


Theorem 4.3. Let Qe, = ([Qies Qik]; [B,,> Bil [Y,17inl) be an IVINHSN, where i = 
{1,2,..n}, k = {1,2,...m}. Then, the aggregated value of IVINHSWAO is also an IVINHSN, 
which is given by 

A(Qe11, Mero: siete) 


oS AAG 99) YAO 2)" 


1 ‘i=l 


ka 
M(TE (2) ”) EL (TI) ): 
Proof. Ifn = 1, then W,; = 1. By using Definition 4.1, we get 

Arde Utes Migs Ep i Dea: 


“(FECL C-2)") ELEC)" ELC)" 


k=1 k=1 = = i=l 


A (I 1 (7)"')”]). 


i=l = 


I 
es 
i 
| 
= 
oak 
iy 
tod? pes 
a 
a | 
as Ie 
| co 
= 
> 
peer 
= 
Se 
S) 
= 
[ a | 
a 


1 


(1-4) ") "(EE (Ha) ”) “TL ( 
If m = 1, then = 1. By using Definition 4.2, we get 
A(Qe11, Mears +5 a. Din WiMeis- 


“(i BGH(-o)"Y BE T(-%4)")"]-b- HE 0-20)")" 


i=l k= 


1 FE(TEC 6)” LG)” FEGEG)”)"T) 


k=1 ‘i=l 
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Hence, the results hold for n = 1 and m= 1. 
Now, if m =1, +1 and n = ly, then, 
A(Qer1, Qera5 + Me ap41y) = pe »,(@, WQe “, 


ly lo y+. i\ Dp 
(fH G-a0)")"2- T(E (-e9)")"} 

Geb thy \ Dy lo i\ Dy Uti > le \ Dr 
TEE)" CHE a) EE») ")")) 
Similarly, ifm =1,, n = lg +1, then, 

Aras Meicnig Mey, a, De ( B21! wide z) 


Now, if m=1, +1, n=l, +1, then, 
A(Qe €11) Q. €12 0 eeuaitpeis) 


-Bo.(Bneo. .): 


1 hice 
- BP De. 1) BP (Ms 412”, ae 
A(Qe1;, Qera +) ena 


(fT (IL (-a0)")"- 


1 


k 
ior Wiig +1) \ Pk d 2 
~ HT (Bese) ") ") [b= I 
k=1 k i 
1 


Be 


k=1 k=1 = 
441 , lo W:. D 141 WwW y\\P +1 Wiay+1)\ P 
I (I (v) -) “]@ [LT (Cece) 7") EL (Crease) °") 
k=1 S451 k=1 k=1 
4y41 ,lg41 Wi \ Pr iy4+1 ,lg4+1 Wi \ Pr W441 ,lg41 Wi \ Pr 
~(P-TECI G-s0) °) “a ECE Ga) “fC G8) 
k=1 * t=1 k=1 ‘ i=1 k=1 i=] 
y41 ,log+1 +1 ,lg+1 


HL (TE (#4) ") "ETE CTE e) ") LT G)")"T) 


Hence, the results hold for n = 1l2+1 and m=1, +1. 
Therefore, by induction method, the result is true V m,n > 1. 


Since 
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> 
ll 
ua 
> 
ll 
ja 


0< ny H¥q <i and 0 =f, <1: 

#1-TT(TE(t-an)) “+2 TT (TE (1-#4)°) + (TT (a) "+ 

{1 (LE (mu)"")* sro. FE (TE (1-94) 9-H (HL (1-Fa)") 

FICO HEC)" 
B 


ll 
nn 
ll 
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ae 
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£ YY & 
yO 
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Therefore, the aggregated value given by IVINHSWAO is also an IVINHSN. 


Example 4.4. Let us consider the same values mentioned in Example 3.2. Also, let W; = 
{0.25, 0.35, 0.40} and D; = {0.30, 0.20, 0.40,0.10} be the weight of managers and attributes, 
respectively. Then, 

Pu Yess ADs sits ees) 


-((s- 11 (1 (¢~20)")* Ht (1 G—20)")"] TH (0-20) 
TE (1 %4)") LT FE Ga)")* (EE Et 4)")Y) 


= (0.32, 0.45], (0.49, 0.64], (0.20, 0.34]) . 


4.3. Interval-valued intuitionistic neutrosophic hypersoft weighted geometric operator 
Definition 4.5. Let Dy, and W; be weight vectors for alternatives and experts, respectively, 
m n 
such that Dy, W; > 0 and 55 Dy = 1,55 Wy; = 1 and D,, = (Qik, Bik, Vix) be an IVINHSN, 
k=1 i=l 
where i = {1,2,...n}, k = {1,2,...m}. Then, G : «” > «, IVINHSWGO is defined as 
m n Wi Dr 
G (Mei Meigs Menem) =& (@ (1) ) ; 
k=1 \i=1 
Theorem 4.6. Let %,, = ([Qik: Gl; [8+ inl [1,,> Tiel) be an IVINHSN, where i = 
{1,2,..n}, k = {1,2,...m}. Then, the aggregated value of IVINHSWGO is also an IVINHSN, 
which is given by 


G(Qe1,, Ne Dyess Q- ) 
D 


He) Ye)" He)" GOI") 
(i-a4) 1 I (Il (1-7%)”")")). 
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Proof. Similar to Theorem 4.3. 


Example 4.7. Let us consider the same values mentioned in Example 3.2 and the weight of 
managers and attributes be as in Example 4.4. Then, 
G(Qe, ? eis) mae) Mess) 


“(TC )") "CL ()") "i 


[I(T (26) ")"4~ E(t») ")"}) 


k=1 


2)" Heyy] 


c=1 ‘i= 


= (0.26, 0.40], (0.37, 0.50], (0.28, 0.41]) . 


5. MCDM problems based on TOPSIS and CC method 


TOPSIS method helps to find the best alternative based on minimum and maximum dis- 
tance from the interval-valued intuitionistic neutrosophic positive ideal solution (IVINPIS) 
and interval-valued intuitionistic neutrosophic negative ideal solution (IVINNIS). Also, when 
TOPSIS method is combined with CC instead of similarity measures, it provides reliable re- 
sults for predicting the closeness coefficients. We present an algorithm and a case study to 
illustrate the IVINHSS TOPSIS method based on CC. 


5.1. Algorithm to solue MCDM problems with IVINHSS data based on TOPSIS and CC method 


Let A = 1A yA | be a set of selected employees and V = {v1, v2,...,Un} be a set 
of managers responsible to evaluate the employees with weights W; = (W1, W2,..., Wn), such 


that W; > 0 and 5) W; = 1. Let A= {iu da, ar An } be a set of multi-valued sub-attributes 
i=l 


m 

with weights Dy = (D1, D2,...,Dm), such that D, > 0 and 5> Dy = 1. The evaluation of 
k=1 

employees A’, (t = 1,2,...,2) performed by the managers v;, (i = 1,2,...,n) based on the 


multi-valued sub-attributes A,, (k = 1,2,...,m) are given in IVINHSS form and represented as 
C4 Gig core | [B,, Bitls [ae Yael): such that 0 < at, +7, < land0< at, + Biz +7,<2V 
i,k. The managing experts aid to accommodate the multi-sub attributes values in IVINHSS 
form. 

Step 1. Construct the matrix for each multi-valued sub-attributes in IVINHSS form as 
below: 
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[A’, AJnxm = [A* nxm 
i ce - oe 
v1 | (lots, @ial, Bt, Bul Wy, Til) (lata, Ho], [Bt, Brak: (ao, Vial) ae (lee as Senls (8! gs Bimal LY’ 1 Fond) ) 
= vo | ((ob.,081), (85,,Baul byt, ,7bil) — (loobas hols (Big, Baal: baby, Fal) ++ (Lob brads [B42 B2mls [14 q2Tbml) ) 
ei lahat DB Anil meal) “(lake ratallel yg Bool ei Val) x (Teh geet al Bhs BamlilSt es een) 


Step 2. Obtain the weighted decision matrix for each multi-valued sub-attributes, 


[Ajglnxm 
= (f= FETE (1-a0)")"3- TE(IE 0-4)" P= EE(IE 0-24) ") 
EL (TLC 8a) °) [EL (TE (20) °) FL IEG) “]) 


=( [tee te) rt) 


Step 3. Determine the IVINPIS and IVINNIS for weighted IVINHSS as below: 


Ara (jata) B a fata") = (ate) pea) faa), 
A= (lee |e) fee]) = (faeva), 2.2), [50,9], 


where V;; = arg max, { vi,} and A;; = arg min, {vi,} ; 
Step 4. Determine the CC for each alternative from IVINPIS and IVINNIS. 


x¢ = Cp(At, At) = 


M = Co 


Step 5. Compute the closeness coefficient of neutrosophic ideal solution as below: 


+ 1-% 
2— xt— rt 
Step 6. Arrange the e' values in descending order and determine the rank of the alternatives 
At, (t = 1,2,...,2). The one with the maximum value is the suitable employee to lead the new 
project. 
The graphical representation of the proposed method is given in Figure 1: 
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FIGURE 1. Flowchart of the proposed method 


Step 1 


Step 2 


: ¢ Determine the IVINPIS and IVINNIS 
tep 3 


Step 4 


5.2. Application based on TOPSIS and CC method 


Let A = { At, A?, A?, A*} be a set of employees and let V = {v1, v2, v3} be a set of man- 
agers who evaluate the employees based on the Leipzig leadership model for an upcoming 
project with weights W; = (0.35,0.15,0.30,0.20). Let A,, Ag, Ag and Ay be distinct at- 
tribute sets whose corresponding sub-attributes are represented as A, = purpose = {Au = 
achieve goals}, A» = entrepreneurial spirit = {A21 = quick decision, Ag2 = logical decision}, 
A3 = responsibility = {A31 = inspire and motivate, A32 = time management } and Ay = 
effectiveness = {a1 = successful accomplishment }. Then A = A, x Ay x Ag x Ay is the 
distinct attribute set given by 


A => Ai x Ao x A3 x Ay = {A\11} x {\21, A22} x {\31, A32} x {\41} 3 
={(Ans dat, an An), (A11, Az, A32, X41), (Ari, A22, A3i, Aa); (1, Aza Aaa, du). 


={%. aig Se xa with weights Dy, = (0.20, 0.25, 0.30, 0.25). 


This study aims to find an employee who can successfully lead the project. 
Step 1. Construct A’, A?, A® and A‘ matrices for each multi-valued sub-attributes in 


IVINHSS form. 


TABLE 2. Representation of values in IVINHSS form for A!. 


Al M4 de d3 

v1 ({0.43, 0.55], (0.91, 0.95], (0.31, 0.36]) (0.43, 0.52], (0.58, 0.81], [0.12,0.21])  ([0.67, 0.71], (0.77, 0.81], [0.19, 0.29]) 
v2 — ({0.32, 0.45], 0.71, 0.78], (0.22, 0.29]) (0.54, 0.63], (0.34, 0.44], [0.15,0.24]) (0.45, 0.48], (0.62, 0.72], [0.25, 0.35]) 
v3 ([0.29, 0.53], (0.81, 0.89], [0.31,0.41]) (0.37, 0.41], (0.66, 0.71], [0.29, 0.35]) —([0.49, 0.51], [0.49, 0.59], [0.39, 0.42]) 
va ([0.34, 0.43], [0.61, 0.82], [0.42,0.53]) (0.48, 0.59], (0.31, 0.42], [0.21,0.41]) (0.42, 0.47], (0.57, 0.61], [0.39, 0.45]) 
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Al Ma 

v1 ({0.15, 0.19], [0.49, 0.51], [0.32, 0.34]) 
v2 — ([0.24, 0.29], (0.65, 0.72], [0.51, 0.55]) 
v3 ([0.33, 0.39], (0.94, 0.98], [0.44, 0.45]) 
va ([0.48, 0.49], [0.78, 0.84], [0.26, 0.34]) 


TABLE 3. Representation of values in IVINHSS form for A?. 


A? M do X3 
v1 — ({0.61, 0.65], (0.25, 0.35], [0.22,0.31]) ([0.44, 0.59], (0.59, 0.71], [0.11,0.12}) ([0.44, 0.51], (0.42, 0.45}, 0.21, 0.25}) 
v2 ({0.39, 0.41], (0.91, 0.99}, (0.41, 0.59]) —_([0.59, 0.64], [0.66, 0.76], [0.21,0.31]) (0.54, 0.62], (0.31, 0.36], [0.32, 0.38]) 
vg (0.32, 0.42], (0.82, 0.88], [0.41,0.49]) ([0.48, 0.54], (0.21, 0.37], (0.29, 0.32}) ([0.49, 0.54], [0.49, 0.59}, [0.25, 0.29}) 
va (0.34, 0.44], [0.66, 0.77], (0.33, 0.38]) —_ ([0.69, 0.74], [0.68, 0.79], [0.19,0.21]) (0.58, 0.66], (0.69, 0.71], [0.33, 0.34]) 
A? da 
v1 ({0.21, 0.28], [0.57, 0.59], [0.41, 0.43]) 
v2 ({0.28, 0.31], [0.67, 0.68], [0.57, 0.61]) 
v3 ({0.41, 0.46], [0.77, 0.81], [0.23, 0.29]) 
va ([0.21, 0.29], (0.69, 0.71], [0.44, 0.49]) 
TABLE 4. Representation of values in IVINHSS form for A?. 
As M1 Xe X3 
v1 ({0.55, 0.56], (0.68, 0.78], (0.32, 0.37])  ([0.48, 0.55], (0.68, 0.87], [0.11,0.28]) (0.51, 0.54], (0.55, 0.62], [0.30, 0.32]) 
vo —_ ({0.42, 0.46], (0.45, 0.55], [0.41,0.48]) ([0.39, 0.45], (0.81, 0.91], (0.29, 0.31]) (0.47, 0.49}, [0.35, 0.42], (0.21, 0.42}) 
v3 (0.53, 0.55], (0.66, 0.76], [0.24,0.42]) ([0.51, 0.65], (0.38, 0.42], [0.24,0.29}) ([0.32, 0.34], (0.31, 0.41], [0.35, 0.41]) 
v4 (0.31, 0.43], (0.35, 0.45], [0.14,0.29]) ([0.35, 0.48], (0.31, 0.49], (0.31, 0.38])  ([0.63, 0.64], (0.22, 0.32}, (0.15, 0.21}) 
As M4 
v1 — ((0.51, 0.53][0.41, 0.44][0.21, 0.24]) 
v2 — ({0.42, 0.43] 0.45, 0.49][0.32, 0.34]) 
v3 (0.05, 0.12][0.65, 0.69][0.45, 0.49]) 
va ({0.21, 0.26] 0.72, 0.79][0.22, 0.23]) 
TABLE 5. Representation of values in IVINHSS form for A+. 
At At de d3 
v1 — ({0.61, 0.71], (0.36, 0.55][0.09, 0.21]) (0.31, 0.39], (0.67, 0.77], (0.29, 0.39])  ([0.27, 0.34], [0.17, 0.27], (0.32, 0.35]) 
v2 (0.44, 0.54], (0.46, 0.66][0.12,0.25]) — ([0.41, 0.57], [0.87, 0.92], [0.39,0.41]) (0.39, 0.41], (0.39, 0.41], [0.41, 0.49]) 
v3 (0.34, 0.44], (0.66, 0.77][0.33, 0.39]) (0.53, 0.64], (0.64, 0.77], (0.21, 0.28]) —([0.14, 0.15], [0.49, 0.59], (0.62, 0.68]) 
va ({0.52, 0.66], (0.35, 0.49][0.14, 0.25]) (0.47, 0.56], (0.41, 0.45], [0.27,0.34]) —([0.25, 0.29], [0.46, 0.66], (0.31, 0.34]) 
At da 
v1 ({0.37, 0.39], [0.81, 0.91], (0.49, 0.51]) 
v2 ([0.41, 0.42], (0.38, 0.42], [0.29, 0.31]) 
v3 ([0.52, 0.59], (0.65, 0.69], (0.23, 0.29]) 
va ([0.31, 0.36], (0.42, 0.51], (0.61, 0.62]) 
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Step 2. Obtain A!, A?, A? and A‘, the weighted matrices for each multi-valued sub- 
attributes. 
TABLE 6. Representation of weighted values in IVINHSS form for A!. 
A} M 2 
v1 —_ ([0.0386, 0.0062], (0.1552, 0.0229], (0.9213, 0.9922]) — ([0.0480, 0.0071], (0.0731, 0.0625}, [0.8307, 0.0529}) 
v2 — ([0.0116, 0.0014], (0.0365, 0.0036], [0.9556,0.9972]) — ([0.0287, 0.0029}, (0.0155, 0.0053}, (0.9314, 0.0635]) 
v3 ([0.0204, 0.0031], (0.0949, 0.0090], (0.9322, 0.9964]) —_([0.0341, 0.0027], (0.0778, 0.0290}, (0.9114, 0.0956}) 
va ({0.0165, 0.0019], (0.0370, 0.0057], (0.9659, 0.9980]) — ([0.0322, 0.0037], (0.0184, 0.0051], (0.9250, 0.1197]) 
Al X3 Ma 
v1 ({0.1099, 0.0143], [0.1430, 0.0745], (0.8400, 0.0904]) —([0.0142, 0.0021], (0.0573, 0.0273] [0.9052, 0.0913]) 
v2 —_ ([0.0266, 0.0023], (0.0427, 0.0139], (0.9396, 0.1162]) — ([0.0103, 0.0010}, (0.0387, 0.0116] [0.9751, 0.1737]) 
v3 ([0.0589, 0.0044], [0.0589, 0.0251], (0.9188, 0.1414]) — ([0.0296, 0.0026}, [0.1903, 0.0887] [0.9403, 0.1301]) 
va ([0.0322, 0.0032], 0.0494, 0.0104], (0.9451, 0.1591]) — ([0.0322, 0.0028}, (0.0730, 0.0169] [0.9349, 0.0955]) 
TABLE 7. Representation of weighted values in IVINHSS form for A?. 
A? M" de 
v1 ([0.0638, 0.0134], (0.0200, 0.0055], (0.8995, 0.9852]) — ([0.0495, 0.0142}, (0.0751, 0.0062], (0.8244, 0.0284]) 
v2 —_ ([0.0148, 0.0016], (0.0697, 0.0136], (0.9737, 0.9985]) (0.0329, 0.0038}, (0.0397, 0.0246}, (0.9432, 0.0864]) 
v3 ([0.0229, 0.0025], (0.0978, 0.0097], (0.9480, 0.9968]) —([0.0479, 0.0045}, (0.0176, 0.0113}, (0.9114, 0.0874]) 
va ([0.0165, 0.0020], [0.0423, 0.0049], (0.9567, 0.9969]) — ([0.0569, 0.0056}, (0.0554, 0.0164], (0.9204, 0.0549}) 
A? X3 Ma 
v1 —_ ({0.0591, 0.0136], (0.0556, 0.0036], [0.8489,0.0747]) — ([0.0205, 0.0053}, (0.0712, 0.0045}, (0.9250, 0.1188}) 
v2 —_ ([0.0344, 0.0043], (0.0166, 0.0093], (0.9501, 0.1304]) (0.0123, 0.0014], (0.0408, 0.0197], (0.9792, 0.2049}) 
v3 ([0.0589, 0.0054], (0.0589, 0.0259], (0.8828, 0.0929]) — ([0.0388, 0.0036}, [0.1044, 0.0398}, [0.8957, 0.0780}) 
va ([0.0508, 0.0054], (0.0679, 0.0156], [0.9357,0.1125]) — ([0.0118, 0.0015}, (0.0569, 0.0131], (0.9598, 0.1488}) 
TABLE 8. Representation of weighted values in IVINHSS form for A?. 
AB M de 
v1 ([0.0544, 0.0089], (0.0767, 0.0164], (0.9234, 0.9893]) (0.0557, 0.0109}, (0.0949, 0.0384], (0.8244, 0.0731]) 
v2 — ([0.0163, 0.0021], (0.0178, 0.0026], [0.9737,0.9977])  ([0.0184, 0.0025}, [0.0604, 0.0107], (0.9547, 0.0864]) 
v3 ([0.0443, 0.0071], (0.0627, 0.0126], (0.9180, 0.9924]) —([0.0521, 0.0116}, (0.0353, 0.0086}, [0.8985, 0.0756]) 
va ([0.0148, 0.0017], (0.0171, 0.0018], (0.9244, 0.9964]) — ([0.0214, 0.0025}, (0.0184, 0.0029}, (0.9432, 0.1046}) 
A3 X3 Ma 
v1 ([0.0722, 0.0126], (0.0805, 0.0221], [0.8813,0.1014]) — ([0.0606, 0.0103}, (0.0452, 0.0111], (0.8724, 0.0614]) 
v2 —_ ([0.0282, 0.0033], (0.0192, 0.0030], (0.9322, 0.1472]) — ([0.0203, 0.0023}, (0.0222, 0.0030}, (0.9582, 0.0962}) 
v3 ([0.0342, 0.0056], (0.0329, 0.0099], (0.9099, 0.1353]) (0.0039, 0.0015}, (0.0758, 0.0182], (0.9419, 0.1432}) 
va ([0.0580, 0.0046], [0.0148, 0.0020], (0.8925, 0.0633]) — ([0.0118, 0.0012}, [0.0617, 0.0067], (0.9271, 0.0587]) 
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ou 


TABLE 9. Representation of weighted values in IVINHSS form for A‘. 


At 


M 


d2 


U1 
v2 
U3 


V4 


0.0638, 0.0157], 
0.0173, 0.0027], 
0.0247, 0.0029], 
0.0290, 0.0063}, 


0.0308, 0.0102], 
0.0184, 0.0038], 
0.0627, 0.0073}, 
0.0171, 0.0039], 


0.8449, 0.9803 
0.9384, 0.9953 
0.9357, 0.9954 
0.9244, 0.9920 


Se NO 
SS SS eS Se 


0.0320, 0.0079], 
0.0196, 0.0037], 
0.0551, 0.0063], 
0.0313, 0.0060], 


0.0925, 0.0113], 
0.0737, 0.0116], 
0.0738, 0.0228], 
0.0261, 0.0026], 


0.8974, 0.0992 
0.9654, 0.1165 
0.8896, 0.0740 
0.9367, 0.0916 


aS es 
SS 


At 


X3 


M 


V1 
v2 
U3 


V4 


0.0326, 0.0080}, 
0.0220, 0.0028}, 
0.0135, 0.0013}, 
0.0172, 0.0030}, 


0.0194, 0.0030], 
0.0220, 0.0030}, 
0.0589, 0.0167], 
0.0363, 0.0056], 


0.8873, 0.1035 
0.9607, 0.1727 
0.9579, 0.2738 
0.9322, 0.1089 


St ae ee 


0.0397, 0.0079], 
0.0196, 0.0024], 
0.0536, 0.0055], 
0.0184, 0.0033], 


0.1353, 0.0184], 
0.0178, 0.0026], 
0.0758, 0.0182], 
0.0269, 0.0031], 


0.9395, 0.1399 
0.9547, 0.0834 
0.8957, 0.0770 
0.9756, 0.2004 


ee ee ee 
== SE 


Step 3. Determine the IVINPIS and IVINNIS from the weighted matrices, Ae ‘ A? and 


AS 


TABLE 10. Representation of IVINPIS (A+) from the weighted matrices. 


At M d2 
v1 (0.0638, 0.0157], (0.0200, 0.0055], (0.8449, 0.9803]) ([0.0557, 0.0142], [(0.0731, 0.0062], [0.8244, 0.0284]) 
v2 ([0.0173, 0.0027], (0.0178, 0.0026], (0.9384, 0.9953]) —_([0.0329, 0.0038], [0.0155, 0.0053], [0.9314, 0.0635]) 
v3 (0.0443, 0.0071], [0.0627, 0.0073], (0.9180, 0.9924]) —_([0.0551, 0.0116], [0.0176, 0.0086], [0.8896, 0.0740]) 
v4 (0.0290, 0.0063], [0.0171, 0.0018], (0.9244, 0.9920]) —_([0.0569, 0.0060], [0.0184, 0.0026], [0.9204, 0.0549]) 
At d3 Ma 
v1 —_ ([0.1099, 0.0143], [0.0194, 0.0030], (0.8400, 0.0747]) —_([0.0606, 0.0103}, [0.0452, 0.0045], [0.8724, 0.0614]) 
v2 (0.0344, 0.0043], (0.0166, 0.0030], (0.9322, 0.1162]) _([0.0203, 0.0024], [0.0178, 0.0026], [0.9547, 0.0834]) 
v3 (0.0589, 0.0056], (0.0329, 0.0099], (0.8828, 0.0929]) _([0.0536, 0.0055], [0.0758, 0.0182], [0.8957, 0.0770]) 
va (0.0580, 0.0054], [0.0148, 0.0020], (0.8925, 0.0633]) —_([0.0322, 0.0033], [0.0269, 0.0031], [0.9271, 0.0587]) 
TABLE 11. Representation of IVINPIS (A~) from the weighted matrices. 
A> Aa do 
v1 —_ ([0.0386, 0.0062], (0.0200, 0.0055], (0.9234, 0.9922]) _([0.0320, 0.0071], [0.0731, 0.0062], [0.8974, 0.0992]) 
v2 (0.0116, 0.0014], (0.0178, 0.0026], (0.9737, 0.9985]) _ ([0.0184, 0.0025], [0.0155, 0.0053], [0.9654, 0.1165]) 
v3 (0.0204, 0.0025], (0.0178, 0.0026], (0.9480, 0.9968]) _([0.0341, 0.0027], [0.0176, 0.0086], [0.9114, 0.0956]) 
v4 (0.0148, 0.0017], (0.0171, 0.0018], (0.9659, 0.9980]) _([0.0214, 0.0025], [0.0176, 0.0026], [0.9432, 0.1197]) 
ae ie u 
v1 (0.0326, 0.0080], (0.0194, 0.003], (0.8873, 0.1035]) _([0.0142, 0.0021], [0.0452, 0.0045}, [0.93950.1399]) 
v2 (0.0220, 0.0023], (0.0166, 0.003], (0.9607, 0.1727]) _ ([0.0103, 0.0010}, [0.0178, 0.0026}, [0.97920.2049]) 
vg (0.0135, 0.0013], (0.0166, 0.003], (0.9579, 0.2738]) _ ([0.0039, 0.0015}, [0.0178, 0.0026}, [0.94190.1432]) 
va (0.0172, 0.0030], (0.0148, 0.002], [0.9451,0.1591]) —([0.0118, 0.0012}, [0.0269, 0.0031], [0.97560.2004]) 
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Step 4. Determine the CC for the alternatives by using the values of [VINPIS and IVINNIS. 

x! = 0.9968, x? = 0.9984, x? = 0.9988 and y* = 0.9968. 

dA = 0.9957, A? = 0.9972, A? = 0.9971 and \* = 0.9984. 
Step 5. Compute the closeness coefficient of neutrosophic ideal solution as below. 

e' = 0.5733, e? = 0.6364, e? = 0.7073 and ¢* = 0.3333. 
Step 6. Arrange the values in descending order. 

PSse Se Se, 
SAMs PSA SA. 

Hence, A® is the best among the group who can lead the project successfully. 
6. Comparative Analysis 


We combine the proposed interval-valued intuitionistic neutrosophic TOPSIS method with 
existing SMs to show the reliability, validity and effectiveness of the proposed TOPSIS method 
based on CC. 


Example 6.1. Consider the same IVINHSS values and weights mentioned in Section 5.2. We 
now combine the proposed TOPSIS method, with the SMs given below to rank the alternatives. 
(i) Sy (1, O2) 


n 


1 - = 
= ye an cay (es) = 295 (q;) (04) + [ay (a4) (YF) — Fra (ai) (9)| + [Boy (q,y 8) — Brg (q,) 2) 
i=l 


+ Basia (0) — Boracay 09) + Lp, cg 2) ~ Beata (20 + Fea can 2s) ~Foratay ea 
(ii) Sr(Q1, 2) [6] 
ne ) + min(Ge, (q;) (YF) Fag (q,) (Vs)) + min(Bo, (q,) A)» Bora ¢q;) es) 


+ min(Bo, (q;) (3), Berg (qz) (9) + MiN(Yo, (;) (v5), Voila’ (vj)) + mine, (q;) (7): V2 (q;) (U7) 


Cnn ) + max(Ge, (q;)(%j); Fr (q:) (vj) + Mar(By 4.) (7) Bo, q,) a) , 


+ max(Bo, (4;) (7); Borg (qi) (03) + MABE, (g,) PA)» Very (gy) (UI) + MAR(For4 (a:) (7) F224) ())) 
(iii) Sy(O1,.Q2) [6] 
1 = S 
= Fs [arse 0) ~ argtgg (04) + Png cass) — Finale (0) + Bosca (8) ~ Brag 
i=1 


a 


+ [Bay (a3) (7) — Bas(qz) a) + Vor, (qi) 65) ~ Yorn qzy (9)! + Per (ai) (3) — Tosca (ea)l) 


(iv) Sp(O1,.Q2) [6] 
=. (Soe laste (es) ~ Sr9(q;) (U5)? + larg (a5) (09) — Fra (as) (YH)? + Bo, (gg) 5) — Berg qe PP? 
=1 


i= 


1 
a & 2 
+ IB, (a4) 9) a Bog (qi) a)I? + Vo, (q;) (9? ~ Yona; eA? th ox (qi) 3) = Tasca) PJ : 
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(v) Sc, (Q1, Q2) 
1g T 
~ in x = F (lao ian ~ Si900(a:) (A) Y Bory (a) 9) ~ Borg (ai) OHI Y org (ay) 09) ~ Yor (ayy) 


+ [i (a3) (05) — Gag (a:) MA)I V [B04 (a: (%F) — Boracay (¥a)| V Fay (ai) (3) — aaa (Dl) , 


(vi) Sep (Q1, Q2) 
ig T = _ 
= . 30055 (leases _ G95 (q;) (Ys) oF [@a, (q;) (v3) a Ano (q;) (Ys) sig IB (qi) 623) _ Boa a) A)! 
+ Bor, (ai) (a) ~ Basa) (a) + Vo, (gz) 629) ~ Vo (q;) PH) on a1 (q:) (7) _ Taata(l) | 


TABLE 12. Comparison of existing similarity measures with proposed method. 


Determination of rank using existing similarity measures 
Sy (v1, 2) 5|> A! = A* = 0.50 and A? = A? = 0.49 
Sr (v1, v2) 6) Al = At = 0.50 and A? = A? = 0.49 

Se, (#1, v2) Al = A? = AS = A* = 0.50 


Sco (v1, 2) Al = A? = 43 = At = 0.50 


Analysis : From Table 12, it is evident that, when SMs of Sy (w, 2) [5], Sp (v1, v2) (6). 
So, (v1, v2) and Sc, (W1, v2) are used in the proposed TOPSIS method instead of CC, 
it is not possible to identify the best alternative. However, the best alternative is identified 
in the proposed method when CC is used. Hence, it is evident that the proposed TOPSIS 


method based on CC is more reliable and effective than SMs. 


7. Conclusions 


In this work, we have introduced the notion of IVINHSS and established some of its proper- 
ties. The aim of this research is to introduce new operational laws for IVINHSS. Also, we have 
presented the aggregation operators for IVINHSS by using the operational laws and established 
some of their properties. We have proposed aggregation operators and an application based on 
the TOPSIS method to identify a suitable employee, who can handle the project successfully 
using the Leipzig leadership model. To study the closeness coefficients, we have applied CC 
instead of SMs in the proposed TOPSIS method. We have presented a comparative study 
between the proposed method and the existing SMS to prove the reliability of the proposed 
model. In the future, we can extend this structure to several aggregate operators, combine 
IVINHSS with N soft set and in various decision-making problems. 


Funding: This research received no external funding. 
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